
Is.NAE F EROREPORGAIZTIO b DOffCUENTATON Pa AGE OW MNNTO6N O070IZ10O

a.~~~~b AOOMU(OI SItats. Cuu'EAIO I M WN ds]T
110cl.sifield AN.80o n cy St.

is. WNRmE 4n *ronG ol gomm a-0.7 3ucINIO . RCRMNTMIAVNWT IOFEPORTI NBER 1

A-D-A20ST 0--2. ONTR 004-86-K-513RPRTNMA

G&~~~~~~~~~~~1 NAEO POIAUNGMAN IALOU "M A AEO OIONG MI"AMNE

111W pigil v.800 Quincy St. EEETN O O O
Urlingto, VA 22217 Arlington, VA05201

80 QinyS PRGRM PRJET USTEoK M

Po. AH IORko 1-3393
Professo HadisIO ou ma oa

13 OF l7 REPOR 13b TIMW M___Ef_____VW____DY)_1_CUN

Prostress8 SSI~jV8 0738 Fbury1,1



TABLE OF CONTENTS

1. Sum m ary .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2. Progress Made ....................................... 3

3. Publicationa/Presentations/llonors ............................ 20

Accesiori For

"4PCr# NTIS CRAMI
6 TIC TAB

Unann~ounced
Justification

Distribution

Availability Codes

Avail arid br
Dist Special



-I I I- |- - - -- ..- . - -1 w

1. Summary

Study of the small-bamdgap III-V compounds InAfjASb'd and Ga _. I has continued

towards the goal of eventual application to long wavelength infrared sources and detector4. in this

last year of our current research contract sponsored by SDIO/IST Electronic/Optical Materials.

69 Optical characterization of these small bandgap compounds was performed, resulting in the best

reported low-temperature photoluminescence linewidth of 7.6 meV for a GaA o.4qSbo.s sample.

A a the first experimental data on the band alignment of the GaSb/GaAs system was

reported from the results of photoreflectance measurements: w ereport a heavy-hole band offset

s5; 1.7 for GaAs.g9bd.,, establishing a type-II structure with electrons in the GaAs layers and

holes in the GaAsiSbw layers. Electrical characterization of these materials was also studied

by variable temperature Hall measurements. For the GaA# 1_hb# material grown on InP, a

two-acceptor model was forwarded to describe the Hall coefficient temperature behavior.

More directly addressing the goal of optoelectronic integration, we have invest ated the

growth of these materials lattice mismatchqd tq both GaAs and Si substraes.In ptudyin the

growth of InAa,_ISR on GaAs, we have reported the effects o using gried layrs, strained-

layer superlattices, and tilted substrates to reduce or constrain the misfit dislocations induced by

the large lattice mismatch (7.2 - 14.6% for 0 g x 1). Transmission electron microscopy on

the microstructure and interfacial structure of the InSb layers on (100) GaAs has revealed the

accommodation of the misfit strain by square arrays of a/21") edge-type dislocations. We have

presented a model to explain the formation of these dislocation arrays. Meanwhile, from Hall

measurements, room temperature electron mobilities as high as 57000 m./Vs were reported in

a 4.6 & thick unintentionally-doped InSb layer on GaAs. For a 1A pm thick InAs,_.Sbx (x

= 0.67) layer, electron mobilities of 20000 and 8800 cm 2 /V.s were reported at 300 and 77 K,

respectively.

The growth of both InAs and InSb epilayers on (100) Si substrates tilted 4° towards (110) was

pursued despite the 11.3% and 19% lattice mismatches between the epilayer and substrate mate-

rials. X-ray rocking curve measurements and optical transmission measurements were performed



to determine the structural and optical properties of the epilayers. From Hall measurements,

room temperature electron mobilities as high as 55000 cm 2/V.s were realized in a thick 8 pim

InSb epilayer. For the InAs epilayers, a peak electron mobility of 45000 cm2 /V.s was reported

for a thick 6.7 pm film at 75 K.

A significant breakthrough has been achieved in the fabrication of hot-electron transistors

(HET) through our development of the contact regrowth (CORE) technique for the formation

-of extremely low-resistance nonalloyed ohmic contacts. The potential of our CORE structure

for improving device performance and uniformity suggests a wide variety of applications in the

processing of semiconductor devices. In our report, the CORE structure was investigated for

achieving low-resistance nonalloyed contacts to the thin base of the HET. Although a relatively

thicker (for a HET device) 1000 A In0.sGa0 .47As base layer was used in the initial investigation,

a very low specific contact resistance of 1.8 x 10 - 7 n.cm2 of the nonalloyed base contact was

reported. While the thicker base structure of the HET gave expectedly low transfer ratios,

excellent performance of the low-resistance contacts was reported. The development of the CORE

technique addresses some of the current limitations in the HET device: higher current densities

may now be realized through the uniform, low-resistance base contact. Further, vertical scaling

of the base epitaxial layer may also proceed, which should lead to improved transfer ratios.

Preliminary investigation of the microstructure and interfacial structure of the CORE struc-

ture has commenced, towards the optimization of the regrowth process for device application.

We include yet unreported cros-sectional TEM analyses of the CORE structure. Finally, con-

current theoretical calculations have also been pursued. The calculation of the I-V characteristics

of direct tunneling diodes describes the injection of electrons through the HET emitter-base tun-

neling barrier. Our unique simulation approach reports the first known quantitative agreement

of calculated tunneling current with experiment.
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2. Progress Made

GaAs .Sb. Films

In our studies on GaAs1-. Sb. alloys, we have reported both optical and electrical character-

istics of this material grown on GaAs and InP substrates. Investigating the broadening effects of

the observed microstructural nonuiformites on the optical properties of this material, low tem-

perature (4 K) photoluminescence (PL) was performed. For samples with x < 0.06, PL spectra

were dominated by two bands, as shown in Fig. I for a sample with x = 0.044, under varying

laser excitation intensities. The narrow peak at higher energy is attributed to the emission as-

sociated with the annihilation of excitons bound to impurities (BE), whereas the broad peak at

lower energy is attributed to the recombination of electrons in the conduction band (e,A), as well

as electrons bound to donors (DA) with holes bound to acceptors. When the low excitation

intensities are used (Fig. 1a), the acceptor bound excitons are more pronounced and have lower

peak energy. At higher pump intensity (Fig. Ib), the acceptor bound excitons quickly saturate,

with the donor bound exciton completely dominating at even stronger excitation (Fig. Ic). To

verify our assignments of PL peaks, we also performed transmission measurements where the free

exciton transitions dominate. A strong exciton (ground) peak was observed as well as a weak dip

at higher energy, which is attributed to the absorption due to free excitons in the excited state.

For x > 0.06, only one peak associated with the impurity or defect related transition dom-

inates PL spectra. In the range 0.1 < x < 0.3, the full width at half maximum (FWHM) of

the dominant peak is generally < 25 meV, with very little variation. For lattice-mismatched

films with x > 0.3, the luminescence becomes quite broad and very weak, due at least in part to

the high density of dislocations inherent in these films. In contrast, layers grown nearly lattice

matched (0.45 5 x _5 0.54) to InP substrates display good PL spectra. A single emission peak is

typically observed at 0.780-0.790 eV with FHWM < 12 meV. A best reported peak width of 7.6

meV is presented in Fig. 2 for a GaAso.4sSbe.s4 sample.

Low temperature optical absorption measurements were performed to directly measure the

bandgap of this material. Extrapolation of absorption coefficient squared (a2) versus energy plots
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Fig. 2 Low temperature PL spectrum of a GaAsO.46SbO.54 film displaying the narrowest peak
reported to date.



to 0
2 - 0 shows a bandgap of 0.804 eV at 4 K and 0.722 eV at 300 K for GaAso.sSb 0 .5 , consistent

IF with our PL data. Fig. 3 shows E, versus x at 300 K found by similar absorption measurements

for a large number of GaAs-.Sb, samples grown both on GaAs and InP substrates. The E,

values plotted in Fig. 3 are possibly overestimated due to biaxial compression of the lattice from

the positive mismatch with the substrate; however, this effect was minimized by growing relatively

thick 1.0-3.0 im layers. Fitting our data, we reported the bandgap energy relation

Es = 1.42 - 2.05x + 1.35x2 ,

shown as a dashed line in Fig. 3. The solid line plotted in Fig. 3 is the previously accepted

relation suggested by Nahory et al.

GaAs.._Sb. films grown on Fe-doped InP substratts were characterized by variable temper-

ature Hall measurements. Advancing a two-acceptor model, a good fit to the Hall coefficient

versus temperature behavior was reported in the temperature range 30 K < T < 300 K. Low

hole mobilities < 200 cm2 /V.s for T < 300 K are consistent with previous observations. A sim-

ple alloy cluster scattering model has been shown to be useful in explaining the mobility versus

temperature characteristics.

GaAs1 _.Sb/GaAs SLSs

The growth of high quality GaAs.._Sb./GaAs strained-layer superlattices (SLSs) and their

characterization by TEM have previously been reported in conjunction with this research project.

In our current efforts, we have further characterized the GaAs..Sb./GaAs superlattice by x-ray

diffraction to accurately determine the structural parameters of the superlattices. Additionally,

low temperature and room temperature photoreflectance (PR) measurements were performed for

the evaluation of band discontinuities resulting in the first experimental report on the band

alignment of the GaSb/GaAs system.

Shown in Fig. 4 is a characteristic photoreflectance spectrum for a sample at 80 K. This

spectrum exhibits a single peak at the low-energy end of the spectrum (I), an intermediate

region containing several smaller peaks (2), and a strong double peak at the high energy end

6
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Fig. 4 PR spectrum for a GaAs 1-. Sb./GaAs superlattice sample at 80 K.



(3). The Ti feature is assigned the lowest energy transition from the n=1 heavy hole to n=1

conduction band state (IH-IC). Since splitting of the T2 and T3 features cannot be accounted for

assuming a Type I superlattice, we proposed a Type II superlattice with electrons in the GaAs

layers and holes in the GaAs_..Sb. layers. The T3 feature then corresponds to a transition

between continuum states, and the transition T2 is between a valence band continuum state and

the n = 1 confined conduction band state. A good fit of the measured and calculated transition

energies suggests a heavy-hole band offset value s 1.7 for GaAs-..Sbx/G&As with x = 0.1.

InAs1 .. Sb Films

In our studies of small-bandgap Il-V compounds, we have recently investigated the growth

and characterization of nSb and its alloy InAsl-.Sb.. We have reported on the growth of

InAslx-Sb. on (100) GaAs substrates as well as on (100) Si substrates tilted 4" towards (110) by

MBE. Growth of InSb on (100) GaAs was performed over a wide range of conditions including

varying substrate temperatures from 330 to 410 "C and Sb/In flux ratios, as well as both 40

and 71 substrate tilt towards (111)A. For an Sb/In flux ratio - 1 and a substrate temperature

of 540 °C, remarkably good morphologies were reported for InSb on untilted GaAs substrates.

Meanwhile, a reduced sensitivity of the InAs-..Sb. alloy to the growth temperature was observed.

We have examined the microstructure and interfacial structure of InSb films grown on (100)

GaAs using transmission electron microscopy (TEM). Shown in Fig. 5 is a selected area diffraction

pattern of a 5 pm2 area along the (100) direction. In addition to the square InSb(100) diffraction

pattern, a square GaAs(100) pattern is also observed from the undiffracted incident beam as

well as the beams diffracted from the InSb layer. Measurement of the splitting between pairs

of reflections yields a lattice mismatch of 14.6%, in agreement with the bulk lattice parameters.

Figure 6 shows an axial (011) lattice image of the interfacial region. The lattice mismatch between

film and substrate shows accommodation of the misfit strain by square arrays of a/2{0}1) edge-

type misfit dislocations spaced on average 29 A apart. We have proposed a model for the

formation of these dislocatlon arrays in which we envision dislocation formation occurring when

the lateral growth of IASb islands exceed 30 A along a given [011] direction.

+ . ., .



Fig. 5 Selected area diffraction pattern of an InSb epilayer on (100) GaAs along the (100)
bicrystal axis.
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Fig. 6 Axial (011) high resolution electron micrograph of the InSb/GaAs interface. A misfit
dislocation occurs in each bright region along the interface.



Room temperature and Fo K Hall measurements were performed to assess the electrical

quality of the InSb epilayers. Carrier concentration and electron mobility were found to be strong

functions of layer thickness. For a 5 pm thick epilayer, room temperature mobilities as high as

57000 cm 2/V.s were measured with ND-NA -' 1.6 x 1016 Cm- 3 . At lower temperatures, however,

a rapid decrease in mobility was observed, which is attributed to an increasing dominance of

dislocation scattering. The first electrical properties of InAsl-.Sbx (0.4 < x < 0.7) epilayers on

GaAs substrates was also reported. For a 1.6 pm thick InAso.33Sb0 .6 ,7 layer on GaAs with a 1 pm

InSb buffer, electron mobilities of 20000 and 8800 cm 2/V.s were measured at 300 K and 77 K,

respectively.

Growth of InSb directly on a Si substrate (tilted 4 off (100) towards (110)) as well as with

a GaAs buffer was also reported. Although surface morphologies of the InSb layers grown with

and without a GaAs buffer layer look similar, the electrical properties obtained from Hall effect

measurements revealed significant differences, especially at 77 K. Room temperature mobilities

of 48000 and 39000 cm2 /V.s were measured for 3.2 pm thick layers with and without a 0.3 pm

GaAs buffer, respectively. For a thicker 8 pm InSb layer, an electron mobility of 55000 cm 2/V.s

was reported. This is consistent with x-ray rocking curve measurements, which show a reduction

in FHWM from 600 to 400 arc-seconds for the 3.2 and 8 Pm thick InSb films. Similarly, the

sharpest band edge transmission spectra is observed for the thick 8 pm InSb film. Finally, a 40

meV shift towards lower energy is reported for the low temperature PL peak of InSb on Si, as

compared to bulk InSb.

InAs Films

Optimum growth conditions of InAs epilayers on GaAs has been studied leading to the recent

investigation and subsequent report of the first growth of InAs epitaxial films on Si substrates by

MBE. InAs epilayers with thicknesses ranging 0.5 to 7.0 pm were grown on (100) GaAs substrates,

tilted 7" towards (111)A, and tilted 4" towards (001). Using substrate temperature control, As-

stabilized (370-00 "C) and In-stabilized (> 500 "C) growth conditions were studied as well

as In-stabilized nucleation with As-stabilized 'growth: The In-stabilized condition displayed the

12



smoother surface morphologies. From Hail measurements, thickness dependent electron mobilities

from 1.5-5.2 x 104 cm2 /V.s were measured for 1.0-6.2 Pm thick InAs epilayers at 77 K.

The growth of InAs on Si was studied for film thicknesses ranging from 4.0 to 7.0 ;m.

Preceded by a thin (< 0.1 pm) buffer layer of GaAs and a five-period Ino.&Gao.2As/GaAs SLS

under As-rich conditions, growth of the InAs was performed under In-stabilized conditions at

substrate temperatures between 520 and 550 *C. A maximum electron mobility of 4.5 x 104

cm 2/V.s was reported at 77 K.

InGaAs/InAlAs Hot Electron Transistor

In our continuing studies on the InGaAs/InAlAs hot electron transistor (HET), we have

achieved a significant breakthrough in the fabrication of these devices by developing the novel

contact regrowth (CORE) technique for the formation of extremely low nonalloyed ohmic con-

tacts. In our previous reports, we have presented improved current gains through vertical scaling

of the base epitaxial layer. While further vertical scaling of the HET poses few problems in

terms of MBE growth, reliable fabrication of transistor devices becomes increasingly difficult,

particularly in the formation of low-resistance ohmic contacts to a base transit region of the

order of 100 A. The thermal cycling typical of conventional contact formation not only results in

non-uniformity and irreproducibility of the contacts, but it can also short the thin base layer.

In our associated studies on the growth of InxGa..As and In.All-yAs, we have reported on

the use of n+-InAs cap layers for low-resistance nonalloyed ohmic contacts to InGaAs. Employing

n+-InAs/Ino.sGa.4rAs SLSs, we have further reported nonalloyed resistances of less than 1.5 x

10- 8 fl.cm 2 on In0.s3Ga9.47As. We have successfully applied this in-situ grown structure on

heterojunction bipolar transistors. Extending this contacting structure as a regrowth procedure,

we have reported the Contact Regrowth (CORE) technique for Achieving low-resistance (1.8 x

10- 7 f).cm 2 ) non-alloyed contacts to the base of the HET.

In our published report, an InGaAs/InAlAs HET with a thicker 1000 A base layer was

investigated. A control HET sample was processed conventionally alongside a second (CORE)

sample, which was processed for subsequent MBE regrowth of the InAs contact structure. After

13
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definition of emitter, base and collector mesas by wet chemical etching, the CORE sample was

cleaned and loaded into the MBE system, where the following CORE structure was grown: a 30

A 1n0.suGao.47As layer Si-doped 1.5 x 101s Cm- 3 ; an 8 period 10 A InAs/10 A GaAs SLS Si-doped

3 x 1018 cm- 3 ; and finally a 100 A InAs cap layer Si-doped 3 x 10l cm- 3 . Processing of the

CORE sample was then completed by evaporation of metal contacts.

The emitter current versus emitter-base bias for both the control and CORE samples with

nonalloyed contacts are shown in Fig. 7. The current levels measured in the CORE sample

are in general agreement with predicted tunneling currents reflecting the low parasitic resistance

achieved by the CORE structure. In contrast, large and highly nonuniform emitter and base

contact resistances were measured for the conventional HET devices. Collector current and

transconductance versus collector-base bias curves are shown in Fig. 8 for the CORE sample.

As expected, with the 1020 A base plus 500 A analyzer barrier, a low maximum a of only 0.5

was measured. However, dear voltage shifts in the ballistic peaks were resolved (not obscured

by large series resistances) from which a collector barrier height of 450 meV was estimated, in

reasonable agreement with thermionic emission measurements.

The development of contact regrowth for the HET suggests the eventual realization of devices

with ultra-thin base layers (-100 A), with the associated achievement of "useful" transfer ratios.

Furthermore, the higher current densities measured with the CORE structure addresses one of

the present limitations of the HET device. Additionally, the self-aligned nature of the regrown

contact layer relaxes the demanding requirements of photolithographic processes. Recently, we

have pursued a detailed investigation of the CORE structure in order to fully characterize the

growth conditions and the resultant layer morphology and electrical properties. Optimization of

the CORE procedure for uniform two-dimensional growth and suppression of possible sidewall

growth is currently underway, in collaboration with Prof. F. Tsen and co-workers at Arizona

State University. Shown in Fig. 9 is a TEM micrograph of a CORE-structure/in-situ-epilayer

interface.

Meanwhile, in conjunction with our experimental studies, we have performed calculations of

the I-V charctwdtics of direct tunneling diodes, simulating the carrier injection through the

14
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Fig. 9 Cross-sectional TEM image of the CORE/in-situ In.uGa0 .47As structure.
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emitter-base tunneling barrier. Although several numerical simulations have been done in the

past on the I-V characteristics of the tunneling diode, our results report the first quantitative

agreement between calculations and experimental results. To obtain quantitative agreement with

experiment, 1) the effect of band-bending in the space-charge regions was included by solving two

coupled one-dimensional Poisson's equations, and 2) the transmission probability of the tunneling

electron was calculated by a transfer matrix method, with the complex k-vector determined by

k.p band structure calculations.

We report forward and reverse tunneling current density relations, closely fitting the observed

tunneling current:

=qmoyW kT ITF(E*)1 2 [In I + dE5,2,2Wi' Ie-./.) +olr(zl \le((V2(- )-V,-V,,-S.)1kaT) jd]

j = qfmrkDT ( )j T(E) 2 [ + e((V(0)+V'-E)/huT) dE5 ,

where V. is the applied voltage, TF and TR are the forward and backward tunneling amplitude,

E. is the energy in the z-direction, Vb1 and V, represent the band-bending at the left and right

terminals, Vj is the voltage drop across the tunneling barrier, and the Fermi energy subscripts 1

and 2 correspond to the left and right terminals. Details of the calculations and the resultant

relations are presented in our paper. For a 76 A i-InO.Al 0.4sAs barrier bounded by assymetri-

cally doped n+-Ino.saGao. 47As, I-V characteristics were computed and compared to experimentally

measured values. Our calculations (short dashed line) and experimental results (solid line) are

presented in Fig. 10 along with calculations by conventional effective-mass approximation (long

dashed line).
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